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Abstract. Osteoarthritis is a disease characterized primarily by chronic inflammation and joint
degeneration, with a complex pathogenesis. Currently, there is no effective curative treatment.
Macrophages play a key role in the inflammatory response and tissue repair in osteoarthritis, and
the imbalance in their polarization is an important driving factor for the progression of the disease.
Functionalized nanoparticles, with their high targeting ability and multifunctional properties, have
shown great potential in regulating macrophage polarization, improving the inflammatory
microenvironment, and promoting tissue repair. This paper reviews the role of functionalized
nanoparticles in targeted delivery, signaling pathway regulation, and cytokine secretion, highlighting
their mechanisms in modulating macrophage polarization. The paper systematically discusses the
relationship between macrophage polarization and osteoarthritis, with a focus on preclinical
experimental results. Functionalized nanoparticles have demonstrated significant therapeutic effects
in alleviating inflammation, protecting cartilage, and promoting bone regeneration. Although there
are still many challenges in terms of safety, targeting, and clinical translation, with the continuous
development of nanotechnology, functionalized nanoparticles are expected to become an important
breakthrough in the field of osteoarthritis treatment.

Keywords: Functionalized Nanoparticles; Macrophage Polarization; Osteoarthritis; Inflammation
Regulation; Tissue Repair; Precision Medicine.

1. Introduction

Osteoarthritis is a common chronic joint disease, characterized by the gradual degeneration of
articular cartilage, inflammation of the synovium, and the formation of bone spurs [1]. As the global
population ages and lifestyles change, its incidence continues to rise, severely affecting the quality of
life of patients [2]. While current treatments can alleviate symptoms, they are ineffective in halting
disease progression and often have side effects. During the pathogenesis of osteoarthritis, macrophage
polarization plays a dominant role, and its functional status significantly influences both inflammation
and repair processes. M1 macrophages secrete pro-inflammatory cytokines that exacerbate cartilage
degradation, while M2 macrophages secrete anti-inflammatory cytokines to promote tissue repair.
However, in a chronic inflammatory environment, M1 macrophages become overactive, leading to
prolonged inflammation and hindering repair [3].

Pharmacological interventions targeting macrophage polarization have several shortcomings. On
one hand, traditional drug delivery methods fail to achieve precise targeting, leading to suboptimal
drug concentrations at the site of injury and low drug efficacy [4]; on the other hand, certain lipophilic
drugs struggle with solubility and stability issues, limiting their effectiveness.

The advent of functionalized nanoparticles offers a new hope in addressing these challenges [5].
By precise structural design and surface modification, nanoparticles can achieve targeted delivery,
enhance therapeutic efficiency, and reduce systemic side effects. Nanoparticles can be modified with
specific ligands to precisely target cells at inflammatory sites, releasing drugs or regulatory factors
locally; they can also load functional molecules or drugs to directly influence macrophage
polarization, improve the inflammatory environment, and promote tissue repair [7]. Compared with
traditional methods, functionalized nanoparticles offer better targeting, biocompatibility, and
degradability, enabling the slow release of active ingredients in the body and avoiding non-specific
toxicity. This provides a new possibility for osteoarthritis treatment and holds the potential to become
a significant breakthrough in this field [8].
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2. Macrophage Polarization and Osteoarthritis

Macrophages are highly plastic immune cells that can differentiate into different subtypes based
on microenvironmental stimuli, with M1 and M2 being the two primary types [9]. M1 macrophages
are induced by lipopolysaccharide (LPS) and interferon-y (IFN-y), and they secrete a large number
of pro-inflammatory cytokines such as IL-1, IL-6, and TNF-a, enhancing local inflammatory
responses and pathogen clearance. However, prolonged activation may lead to chronic inflammation
and tissue damage [10]. M2 macrophages, on the other hand, differentiate under the influence of IL-
4, IL-13, and other factors, secreting anti-inflammatory cytokines like IL-10 and TGF-B, and
participating in tissue repair and fibrosis. Their formation requires key molecules like I1L-4/IL-13/IL-
10/IL-3, STAT3/6, IRF4, etc. [11].

In osteoarthritis, M1 macrophages are the main drivers of the inflammatory response. The pro-
inflammatory cytokines and reactive oxygen species (ROS) they secrete promote chondrocyte
apoptosis and matrix metalloproteinase (MMP) secretion [12], accelerating the degradation of the
cartilage matrix. They also interact with synovial cells to maintain the chronic inflammatory
environment. M2 macrophages play a protective role by secreting anti-inflammatory factors and
participating in extracellular matrix remodeling to promote cartilage repair. However, the chronic
inflammatory environment of osteoarthritis leads to a significant increase in M1 macrophage
proportions, disrupting the M1/M2 balance and exacerbating inflammation and cartilage degeneration
[13]. Regulating macrophage polarization towards the M2 type may alleviate the inflammatory
response in arthritis, promote cartilage regeneration, and provide a new therapeutic strategy for
osteoarthritis. Studying its polarization mechanism is crucial for uncovering the pathogenesis of the
disease and developing new treatments.

3. Functionalized Nanoparticles in Regulating Macrophage Polarization

3.1 Targeting Modifications of Nanoparticles
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Figure 1. Schematic diagram of M1 and M2 macrophage polarization and their surface markers.
XuL, Weng S, Li S, Wang K, Shen Y, Xu Y, Tang C, Yin C. Engineering the Intestinal Lymphatic
Transport of Oral Nanoparticles to Educate Macrophages for Cancer Combined Immunotherapy.

ACS Nano. 2023 Jun 27;17(12):11817-11837. doi: 10.1021/acsnano.3c02985. Epub 2023 Jun 15.
PMID: 37318192.

Macrophages, as key members of the immune system, have high plasticity and can differentiate
into different subtypes based on environmental stimuli, with M1 and M2 being the two most
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prominent types. M1 macrophages are the classic pro-inflammatory type, primarily involved in cell-
mediated immune responses. They initiate and sustain the inflammatory response by secreting large
amounts of inflammatory cytokines such as TNF-a, IL-1B, IL-6, and IL-12. The surface markers of
M1 macrophages include CD80, CD86, iNOS, and MHC II [14]. These markers not only aid in
identifying M1 macrophages but also provide a basis for targeted therapies.

In contrast to M1 macrophages, M2 macrophages are primarily involved in anti-inflammatory
responses and tissue repair. They promote tissue repair by secreting anti-inflammatory cytokines like
IL-10 and TGF-B. The surface markers of M2 macrophages include CD206 (mannose receptor),
CD163, and Arg-1 (arginase-1) [15], which play important roles in immune regulation and
suppression of excessive inflammation.

To precisely characterize the two polarization mechanisms of macrophages, as shown in Figure 1,
macrophages differentiate into M1 and M2 types under different microenvironmental stimuli. M1
macrophages, as classical pro-inflammatory cells, secrete pro-inflammatory cytokines such as TNF-
a, IL-1pB, IL-6, and IL-12, and maintain the inflammatory response through surface markers CD80,
CD86, iNOS, and MHC II. In contrast, M2 macrophages play a role in anti-inflammation and tissue
repair by secreting anti-inflammatory cytokines such as IL-10 and TGF-, and participate in immune
regulation and inhibition of excessive inflammation through surface markers CD206, CD163, and
Arg-1.

Understanding the surface markers of M1 and M2 macrophages is critical for nanoparticle-targeted
therapy. Nanoparticles can be modified on their surface to combine with ligands that bind to
corresponding receptors, enabling them to target specific types of macrophages [16]. For example,
TCP-2 peptides can specifically recognize and bind to M1 macrophages by interacting with the
scavenger receptors on M1 macrophages, achieving highly efficient targeting. L-arginine, as a ligand
for M1 macrophage surface receptors [17], also has a significant role in targeting M1 macrophages.
Mannose-modified nanoparticles can specifically bind to M2 macrophages and enhance their uptake,
while the M2pep peptide is a peptide that specifically recognizes M2 macrophages.

Through these targeting modifications, nanoparticles can precisely deliver drugs to M1 or M2
macrophages, thereby playing important roles in inflammatory diseases, cancer immunotherapy, and
tissue repair. For example, in an inflammatory mouse model, L-arginine-modified nanoparticles can
significantly reduce inflammation and have good biocompatibility. Mannose-modified nanoparticles
show good effects in the treatment of chronic inflammation and osteoarthritis.

3.2 Drug Encapsulation by Nanoparticles
3.2.1 Limitations of Conventional Drugs and Advantages of Nanoparticles

Conventional or free drugs face several disadvantages during delivery in the body. First, they lack
sufficient targeting, causing drugs to distribute to non-target tissues, which lowers therapeutic
efficacy and increases side effects. For instance, in the treatment of rheumatoid arthritis (RA),
traditional anti-inflammatory drugs such as non-steroidal anti-inflammatory drugs (NSAIDs) and
corticosteroids can alleviate inflammation symptoms [18], but their long-term use leads to
gastrointestinal side effects and issues like osteoporosis. Second, some drugs have strong
hydrophobicity, poor solubility, and instability, affecting their absorption and distribution in the body.
Additionally, their bioavailability is low, resulting in the drugs being metabolized or cleared before
reaching the target site.

The introduction of nanoparticles has effectively addressed these issues. By selecting and
designing appropriate materials, as well as using effective drug encapsulation methods, nanoparticles
not only improve the drug targeting and stability but also achieve sustained drug release [19]. The
choice of materials and the design of functionalized nanoparticles are crucial for their anti-
inflammatory effects. Common nanoparticle materials include synthetic polymers, natural polymers
(such as chitosan and hyaluronic acid), metal and inorganic nanoparticles, etc. [20]. Each material
has unique biocompatibility and biodegradability characteristics, and selecting the appropriate
material is key to achieving anti-inflammatory effects.
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Natural polymers like chitosan and hyaluronic acid are increasingly used to prepare functionalized
nanoparticles due to their excellent biocompatibility and good degradability. Chitosan is a natural
polymer extracted from the shells of shrimp and crabs [21], with abundant resources. In osteoarthritis
treatment, these natural polymers effectively reduce immunogenic responses and toxic side effects,
while the degradation products after macrophage uptake can effectively reduce local oxidative stress
levels [22], alleviating inflammation. Studies show that nanoparticles made from chitosan and
hyaluronic acid have strong immunoregulatory effects in inflammatory environments and can
effectively inhibit M1 macrophage activation.

Synthetic polymers such as polyvinyl alcohol (PVA) and poly(lactic-co-glycolic acid) (PLGA)
have the advantage of controlling nanoparticle size, surface charge, and drug release characteristics
by adjusting the synthesis process and chemical structure [23], thereby optimizing therapeutic effects.
PLGA, a widely used biodegradable material, can effectively deliver anti-inflammatory drugs in
osteoarthritis treatment, and its degradation products cause minimal tissue irritation.

3.2.2 Methods of Nanoparticle Drug Encapsulation and Advantages

There are various methods for encapsulating drugs in nanoparticles, including:

Mesoporous nanoparticles, with their abundant pores, can encapsulate drugs in their internal voids,
achieving high drug loading efficiency. This structure not only increases the drug loading capacity
but also controls the drug release rate. For example, certain mesoporous silica nanoparticles can
effectively encapsulate anti-inflammatory drugs [24], such as IKK inhibitors. By controlling pore size
and surface modification, they achieve slow drug release, prolonging the duration of the drug's action.

Liposome nanoparticles, with their lipophilic structure, can encapsulate lipophilic drugs,
improving their solubility and stability. For instance, certain lipid nanoparticles can effectively
encapsulate fat-soluble drugs like vitamin D, enhancing their stability and bioavailability in the body
[25]. This encapsulation method is especially useful for drugs that are unstable in aqueous solutions
or have poor solubility, significantly improving their therapeutic efficacy.
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Figure 2. Schematic diagram of different methods for drug encapsulation in nanoparticles.
MaS, Xu S, Li M, Du Y, Tian G, Deng J, Zhang W, Wei P, Zhao B, Zhang X, Liu Z, Wang Y. A
Bone Targeting Nanoparticle Loaded OGP to Restore Bone Homeostasis for Osteoporosis Therapy.
Adv Healthc Mater. 2023 Oct;12(25): €2300560. doi: 10.1002/adhm.202300560. Epub 2023 Aug
18. PMID: 37562069.

As shown in Figure 2, there are currently three main methods for drug encapsulation in
nanoparticles. The first method involves the use of mesoporous nanoparticles. Mesoporous
nanoparticles have abundant pores that can encapsulate drugs within their internal voids. This
structure not only increases the drug loading capacity but also allows for regulation of the pore size
and surface modifications to control the drug release rate. In this way, drugs can be released slowly,
extending their duration of action in the body. The figure demonstrates the application of certain
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mesoporous silica nanoparticles in encapsulating anti-inflammatory drugs (such as IKK inhibitors).
The second method involves the use of lipid nanoparticles. The lipophilic structure of lipid
nanoparticles allows them to effectively encapsulate lipophilic drugs, improving their solubility and
stability. For example, certain lipid nanoparticles can effectively encapsulate fat-soluble drugs like
vitamin D, enhancing their stability and bioavailability in the body. This method is particularly useful
for drugs that are unstable or poorly soluble in aqueous solutions, significantly improving their
therapeutic effect. Lastly, drugs can be encapsulated in nanoparticles via chemical modification.
Drugs can bind to nanoparticles through physical adsorption or chemical bonding. Physical
adsorption is suitable for small molecule drugs and hydrophilic drugs, where drugs are fixed on the
nanoparticle surface via electrostatic adsorption or hydrophobic interactions. However, physical
adsorption can lead to premature drug release in the bloodstream, affecting the therapeutic effect. In
contrast, chemical bonding provides a more stable method for drug encapsulation by covalently
bonding the drug to the nanoparticle surface, ensuring the drug’s sustained and stable release in the
body. This method not only extends the drug’s circulation time but also improves its targeting and
efficacy.

By chemical modification, drugs can be anchored to nanoparticles through physical or chemical
bonds. Physical adsorption is suitable for small molecule drugs and hydrophilic drugs, where
electrostatic or hydrophobic interactions fix the drugs on the surface of nanoparticles. This approach
is simple but may lead to premature drug release in circulation, reducing the therapeutic effect.
Chemical bonding, on the other hand, is a more stable method of drug loading [26]. Through covalent
bonding, drugs can be securely attached to the nanoparticle surface, ensuring their sustained release
in the body. For example, drugs linked to nanoparticles through covalent bonds not only prolong the
drug’s circulation time but also enhance its targeting and efficacy.

The advantages of drug-loaded nanoparticles are significant, mainly including the following points:

Through surface modification, nanoparticles can precisely target M1 or M2 macrophages,
reducing the impact on normal tissues. For example, PEG modification can reduce non-specific
binding with serum proteins, avoiding non-specific recognition and clearance by the immune system
[27]. This targeting not only enhances the therapeutic effect of the drugs but also reduces their
distribution in non-target tissues, minimizing side effects.

Nanoparticles can protect drugs from enzymatic degradation in the body, improving their stability
and half-life. For instance, PLGA nanoparticles can effectively protect the encapsulated drugs [28],
extending their circulation time in the body. This protective effect is particularly important since
many drugs are easily degraded or metabolized in the body, reducing their efficacy. The protection
provided by nanoparticles ensures that the drugs remain active when they reach the target site.

By designing nanoparticles properly, drugs can be released slowly, extending their action time and
improving the therapeutic effect. For example, in chronic inflammatory diseases (such as rheumatoid
arthritis), nanoparticles loaded with IKK inhibitors can significantly reduce the activation of M1
macrophages [29], decrease the release of inflammatory factors, and enhance the duration of the
treatment. This sustained release effect not only improves the therapeutic outcomes but also reduces
the frequency of administration, enhancing patient compliance.

In summary, nanoparticles, through careful material selection and design, along with effective
drug encapsulation methods, not only enhance the targeting and stability of drugs but also enable
sustained release, providing a new therapeutic strategy for treating various immune-related diseases.
These advantages make nanoparticles highly promising in the field of drug delivery, especially in the
treatment of chronic inflammatory diseases and cancer, demonstrating enormous potential.

3.3 How Drug-loaded Nanoparticles Regulate Macrophage Polarization After Entering the
Body

After entering the body, drug-loaded nanoparticles release drugs through various mechanisms,
thereby regulating macrophage polarization. Macrophages play a crucial role in osteoarthritis, and
their immune regulatory functions in the joints are mainly achieved through the M1 and M2
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polarization states [30]. M1 macrophages are typically pro-inflammatory and secrete large amounts
of pro-inflammatory cytokines, exacerbating tissue damage, while M2 macrophages primarily exert
anti-inflammatory and tissue repair functions.

During the inflammatory process of osteoarthritis, M1 macrophages activate signaling pathways
such as NF-kB, MAPK, and JAK/STAT, promoting the release of pro-inflammatory cytokines (such
as TNF-a, IL-6, IL-1B) and matrix metalloproteinases (such as MMP-13) [31], leading to cartilage
degradation and further disease progression. In contrast, M2 macrophages secrete anti-inflammatory
cytokines (such as IL-10, TGF-fB) and tissue repair-promoting factors (such as VEGF, FGF), which
help reduce inflammation and promote cartilage repair.

Functionalized nanoparticles, through surface modifications with specific ligands (such as
mannose, peptides, antibody fragments, etc.), can precisely target macrophage surface receptors,
inducing polarization towards the M2 type and exerting anti-inflammatory and repair effects. For
example, mannose-modified nanoparticles can bind specifically to the mannose receptors on M2
macrophages, promoting their anti-inflammatory functions and inhibiting M1 macrophage activity,
reducing the secretion of pro-inflammatory factors [32]. Additionally, nanoparticles loaded with NF-
kB inhibitors can effectively interfere with the pro-inflammatory pathways of M1 macrophages,
further reducing the inflammation response.

Moreover, some nanoparticles, such as manganese-doped cerium oxide nanoparticles, can regulate
macrophage polarization towards the M2 type through their antioxidant properties. The cytokines
secreted by M2 macrophages promote osteoblast precursor cell differentiation, as well as positively
regulate mineralization and angiogenesis. Experimental results have shown that these nanoparticles
exhibit good catalase activity, generating oxygen from hydrogen peroxide and effectively reducing
reactive oxygen species (ROS) within macrophages, guiding their polarization towards the M2 type.

4. Application of Functionalized Nanoparticles in Osteoarthritis

4.1 Alleviating Inflammation and Oxidative Stress in Osteoarthritis

Functionalized nanoparticles show significant potential in alleviating inflammation and oxidative
stress in osteoarthritis. Their mechanisms mainly involve regulating macrophage polarization,
inhibiting inflammatory responses, and improving the joint microenvironment. The chronic
inflammatory response in osteoarthritis (OA) is primarily caused by the overactivation of
macrophages, especially M1 macrophages, in the joint cavity. These M1 macrophages secrete large
amounts of pro-inflammatory cytokines (such as TNF-a, IL-6, IL-1p) and matrix metalloproteinases
(such as MMP-13), which aggravate the degradation of joint cartilage and drive disease progression
[33]. Functionalized nanoparticles can precisely regulate macrophage polarization, not only directly
inhibiting inflammation but also reducing oxidative stress, improving the joint microenvironment,
and ultimately alleviating osteoarthritis symptoms.

4.1.1 Mechanisms of Functionalized Nanoparticles in Regulating Macrophage Polarization

Macrophages play a critical role in osteoarthritis, with their immune regulation in the joint
achieved through the two polarization states, M1 and M2. M1 macrophages are typically pro-
inflammatory and secrete large amounts of pro-inflammatory factors, exacerbating tissue damage
[34], while M2 macrophages mainly exert anti-inflammatory and tissue repair effects.

During the inflammatory process of osteoarthritis, M1 macrophages activate signaling pathways
such as NF-kB, MAPK, and JAK/STAT, promoting the release of pro-inflammatory cytokines (such
as TNF-q, IL-6, IL-1pB) and matrix metalloproteinases (such as MMP-13) [35], leading to cartilage
degradation and further disease deterioration. Conversely, M2 macrophages secrete anti-
inflammatory cytokines (such as IL-10, TGF-B) and tissue repair factors (such as VEGF, FGF),
reducing inflammation and promoting cartilage repair.

Functionalized nanoparticles, through surface modifications with specific ligands (such as
mannose, peptides, antibody fragments, etc.), can precisely target macrophage surface receptors,
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inducing macrophage polarization towards the M2 type, exerting anti-inflammatory and repair effects.
For example, mannose-modified nanoparticles can bind to mannose receptors on M2 macrophages
[36], specifically promoting their anti-inflammatory functions, inhibiting M1 macrophage activity,
and reducing the secretion of pro-inflammatory factors. At the same time, nanoparticles loaded with
NF-«B inhibitors can effectively intervene in the pro-inflammatory pathways of M1 macrophages,
further reducing inflammation.

4.1.2 Material Selection and Design of Functionalized Nanoparticles

The material selection and design of functionalized nanoparticles have a significant impact on their
anti-inflammatory effects. Common nanoparticle materials include synthetic polymers, natural
polymers (such as chitosan, hyaluronic acid, etc.), metal, and inorganic nanoparticles [37]. Each
material has unique biocompatibility and biodegradability characteristics, and selecting the
appropriate material is crucial for achieving anti-inflammatory effects.

Natural polymers, such as chitosan and hyaluronic acid, are increasingly used to prepare
functionalized nanoparticles due to their excellent biocompatibility and good biodegradability.
Chitosan, a natural polymer extracted from shrimp and crab shells, is abundant in resources. In
osteoarthritis treatment, these natural polymers can effectively reduce immunogenic responses and
toxic side effects, and their degradation products, after macrophage uptake, can effectively reduce
local oxidative stress levels [38], alleviating inflammation. Studies show that nanoparticles made
from chitosan and hyaluronic acid have strong immunoregulatory effects in inflammatory
environments and can effectively inhibit M1 macrophage activation.

Synthetic polymers, such as polyvinyl alcohol (PVA) and poly(lactic-co-glycolic acid) (PLGA),
have the advantage of controlling nanoparticle size, surface charge, and drug release characteristics
by adjusting the synthesis process and chemical structure [39], thereby optimizing therapeutic effects.
PLGA, a widely used biodegradable material, can effectively deliver anti-inflammatory drugs in
osteoarthritis treatment, and its degradation products cause minimal tissue irritation.

4.1.3 Mechanisms of Functionalized Nanoparticles in Regulating Inflammation and
Oxidative Stress

Functionalized nanoparticles, through the regulation of macrophage polarization, not only reduce
inflammation but also effectively alleviate oxidative stress, which is crucial for osteoarthritis
treatment. Oxidative stress is an important pathological process in osteoarthritis, where the
accumulation of free radicals, reactive oxygen species (ROS), and other substances exacerbates
cartilage degradation and inflammation [40].

Interplay Between Oxidative Stress and Inflammation: Oxidative stress exacerbates inflammation
by activating signaling pathways such as NF-kB, MAPK, and JAK/STAT, and conversely, the release
of inflammatory cytokines (such as TNF-a, IL-6) increases ROS production, forming a vicious cycle
[41]. Therefore, reducing oxidative stress and inflammation is an effective strategy to alleviate
osteoarthritis. Functionalized nanoparticles can intervene in these signaling pathways to effectively
alleviate inflammation and oxidative stress.

Relationship Between Macrophage Polarization and Oxidative Stress: The activation of Ml
macrophages is a major source of oxidative stress. M1 macrophages not only secrete pro-
inflammatory factors but also exacerbate oxidative stress by generating ROS and hydrogen peroxide.
In contrast, M2 macrophages alleviate oxidative stress by secreting antioxidant factors (such as IL-
10, TGF-B) [42]. Therefore, functionalized nanoparticles can significantly reduce oxidative stress
levels by inducing M1 macrophages to polarize towards the M2 type, thereby improving joint health.

Surface-modified Nanoparticles: The surface modifications of nanoparticles determine their
interaction with immune cells, particularly with macrophages. For instance, mannose-modified
nanoparticles can target M2 macrophages, inducing these cells to secrete antioxidant factors, thereby
inhibiting oxidative stress. Studies have shown that mannose-modified nanoparticles accumulate in
the synovial tissue, effectively reducing ROS production and inhibiting cartilage matrix degradation.
The specific situation is shown in Figure 3.
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Figure 3. Schematic diagram of the role of functionalized nanoparticles in macrophage polarization
and oxidative stress regulation

Bai Y, Chen J, Zhang S, Xu G, Mao Z, Ding Y, Wang W. Inflammation-Responsive Cell
Membrane-Camouflaged Nanoparticles against Liver Fibrosis via Regulating Endoplasmic
Reticulum Stress and Oxidative Stress. Adv Mater. 2024 May;36(19): €2310443. doi:
10.1002/adma.202310443. Epub 2024 Feb 26. PMID: 38372054.

Figure 3: Schematic diagram of the role of functionalized nanoparticles in regulating macrophage
polarization and alleviating oxidative stress. The upper part of the figure shows that by combining
nanoparticles (such as PLGA-methotrexate) with platelets, nanoparticles can precisely target and
regulate macrophage polarization in mice, thereby reducing the inflammatory response. The lower
part of the figure illustrates the mechanism of action of nanoparticles in the human body.
Nanoparticles regulate macrophage polarization, inhibit the secretion of pro-inflammatory cytokines
from M1 macrophages, and promote the anti-inflammatory function of M2 macrophages, effectively
alleviating oxidative stress and inflammation. Through these mechanisms, functionalized
nanoparticles not only reduce oxidative stress in osteoarthritis but also improve joint health.

In conclusion, functionalized nanoparticles regulate macrophage polarization, not only directly
inhibiting inflammation but also reducing oxidative stress, improving the joint microenvironment,
and ultimately alleviating osteoarthritis symptoms. This offers new strategies for the development of
novel immune-modulatory therapies and drug delivery systems.

4.2 Promoting Cartilage Repair

The role of functionalized nanoparticles in osteoarthritis treatment extends beyond regulating
inflammation and oxidative stress, as they also directly promote cartilage repair by influencing
macrophage polarization. Cartilage degradation is one of the key pathological features of
osteoarthritis, and damaged cartilage is difficult to repair on its own, presenting a significant
challenge to osteoarthritis treatment [44]. Functionalized nanoparticles can effectively promote
cartilage matrix regeneration and repair by improving the local microenvironment, regulating
immune responses, and promoting the delivery of cartilage repair factors.

4.2.1 The Relationship Between Functionalized Nanoparticles, Macrophage Polarization,
and Cartilage Repair

The key to cartilage repair lies in promoting the proliferation, differentiation, and matrix synthesis
of chondrocytes while inhibiting the activity of destructive enzymes (such as MMP-13, ADAMTS-
5). M2 macrophages play an important role in tissue repair by secreting anti-inflammatory cytokines
(such as IL-10, TGF-B) to regulate the local immune environment, reduce the activity of destructive
enzymes [45], and promote chondrocyte proliferation and matrix synthesis. Functionalized
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nanoparticles can selectively promote M2 macrophage activity through the regulation of macrophage
polarization, thereby enhancing the cartilage repair process.

Repair Role of M2 Macrophages:M2 macrophages promote tissue repair by secreting anti-
inflammatory cytokines (such as IL-10, TGF-B, VEGF). IL-10 and TGF-f3 not only inhibit the activity
of destructive enzymes such as MMP-13 but also stimulate chondrocyte proliferation and matrix
synthesis [46]. Studies have shown that functionalized nanoparticles can target M2 macrophages to
locally release anti-inflammatory cytokines, reducing inflammation while promoting cartilage matrix
synthesis.

4.2.2 Direct Effects of Functionalized Nanoparticles on Chondrocytes

In addition to promoting cartilage repair through immune regulation, functionalized nanoparticles
can also directly act on chondrocytes, activating repair-related signaling pathways to further promote
cartilage repair.

TGF-B-loaded Nanoparticles: TGF-B is a key factor in cartilage repair. Functionalized
nanoparticles loaded with TGF-B can directly act on chondrocytes, activating the Smad signaling
pathway to promote chondrocyte proliferation, differentiation, and matrix synthesis [47]. Studies
have shown that TGF-B-loaded nanoparticles significantly enhance chondrocyte proliferation and
type 1I collagen deposition in cartilage defect models, promoting cartilage repair.

RNA Interference Technology: Functionalized nanoparticles can also use RNA interference
technology to target and silence destructive genes (such as MMP-13, ADAMTS-5), directly reducing
the activity of these enzymes and preventing the degradation of cartilage matrix [48]. For example,
nanoparticles loaded with siRNA can significantly reduce cartilage matrix degradation by inhibiting
MMP-13 expression, thereby promoting cartilage repair.

4.2.3 Role of Functionalized Nanoparticles in Bone Repair

Bone tissue repair is another critical issue in osteoarthritis treatment. Bone loss and insufficient
bone repair are common problems during the progression of osteoarthritis, and the lack of bone tissue
repair accelerates joint damage. Functionalized nanoparticles can effectively promote bone tissue
repair by regulating macrophage polarization, improving the local microenvironment, and delivering
osteogenic factors.

Delivery of Osteogenic Factors: Functionalized nanoparticles can effectively deliver osteogenic
factors (such as BMP-2, VEGF) to activate the activity of bone marrow mesenchymal stem cells
(BMSCs) and osteoblasts, promoting bone tissue regeneration. For example, BMP-2-loaded
nanoparticles can significantly promote the generation of new bone tissue by targeting the delivery
of BMP-2 [49], showing good bone repair effects in osteoarthritis animal models.

Hydroxyapatite Composite Nanoparticles: In addition, composite nanoparticles containing
hydroxyapatite or calcium phosphate can simulate the bone matrix microenvironment, directly
promoting the osteogenic differentiation of BMSCs. Research shows that these composite
nanoparticles not only enhance the bone repair process but also regulate macrophage polarization,
inducing M2 macrophages to secrete osteogenesis-related factors (such as VEGF, TGF-B) [50],
further promoting the activity of osteoblasts.

5. Challenges and Prospects

5.1 Safety and Immunogenicity Issues of Functionalized Nanoparticles

Functionalized nanoparticles hold great promise in treatment but their safety and immunogenicity
remain major challenges for clinical translation. Nanoparticles may trigger non-specific immune
activation and toxic accumulation, especially synthetic materials (such as metal oxides), which may
cause toxicity due to incomplete degradation. Natural polymer materials (such as hyaluronic acid) are
ideal, but high doses may still cause local inflammation. Immunogenicity issues mainly arise from
the binding of nanoparticles with serum proteins, which may reduce targeting effectiveness and
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trigger acute inflammatory responses. Surface modifications (such as PEG) can optimize design to
reduce immune responses and improve drug precision release.

5.2 Optimization of In vivo Targeting and Distribution

The targeting and distribution of nanoparticles directly affect therapeutic efficacy. Optimized
designs, such as surface modifications with mannose or antibody fragments, can enhance targeting.
The physicochemical properties of particles (such as size and surface charge) significantly influence
targeting and distribution. Particles in the 50-200 nm range can effectively avoid kidney clearance
and improve targeted delivery efficiency. Smart responsive designs (such as pH-responsive particles)
can enhance local treatment effects. Real-time imaging technologies can track particle distribution,
assisting in treatment monitoring and dose adjustment.

5.3 Future Research Directions and Challenges in Clinical Translation

Although functionalized nanoparticles show great potential in treating chronic diseases, challenges
such as complex preparation processes, high costs, and personalized applications remain. Simplifying
the production process and using microfluidic technologies can improve production efficiency and
reduce costs. Personalized treatment requires optimizing nanoparticle design based on specific
pathological features of patients. Al and big data analysis can assist in optimizing nanoparticle
functionalization strategies based on patient characteristics. Clinical research will require multi-phase
trials to validate safety, pharmacokinetics, and therapeutic efficacy. Regulatory approvals and market
access for nanoparticles are also key to clinical translation and require cooperation with regulatory
agencies to establish standardized processes for clinical applications.

6. Conclusion

Functionalized nanoparticles, by regulating macrophage polarization, show great potential in
treating osteoarthritis. By targeting the delivery of anti-inflammatory molecules or directly regulating
cellular signaling pathways, these nanoparticles can significantly reduce joint inflammation, improve
the local microenvironment, and promote cartilage and bone tissue repair. Their multifunctional
design not only enhances the precision and efficiency of treatment but also reduces systemic side
effects, providing an innovative strategy for comprehensive osteoarthritis treatment.

As nanotechnology and medicine continue to integrate, functionalized nanoparticles open up new
possibilities for treating chronic inflammatory diseases like osteoarthritis. Future research should
focus on further optimizing nanoparticle design and addressing key issues in targeting, safety, and
clinical translation. Through multidisciplinary collaboration and technological innovation,
functionalized nanoparticles are expected to play a larger role in precision medicine, offering patients
more efficient, safer, and personalized treatment options.
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